SUMMARY Recent advances in laser scanning technology provide the opportunity to examine faces in three dimensions. The aim of this prospective clinical study was to explore facial symmetry in healthy growing individuals and determine whether asymmetric changes occur during adolescent growth.
Introduction
Facial symmetry can be de ned in many different ways. It is most commonly associated with the state of facial equilibrium, in which there is a correspondence in size, shape , and arrangement of facial landmarks on the opposite sides of the median sagittal plane ( Peck et al. , 1991 ) . Perfect bilateral symmetry is largely a theoretical concept ( Bishara et al. , 1994 ) . In everyday practice , orthodontists treat morphological and functional facial asymmetries. Therefore, an assessment of facial symmetry is an important part of clinical examination.
Postero-anterior cephalograms are still widely used in orthodontic practice and research for diagnosis and quanti cation of facial asymmetry. Vertical and transverse measurements of facial structures are typically obtained relative to the reference lines, and the asymmetries are calculated by comparing the measurements of corresponding structures from the right and left sides ( Trpkova et al. , 2003 ) . Midline structures are also used to assess asymmetry as deviation towards the right or the left side from the chosen reference line. Although the disadvantages have been widely documented ( Major et al. , 1994 ; Pirttiniemi et al. , 1996 ; Athanasiou et al. , 1999 ; Leonardi et al. , 2008 ) , Three-dimensional longitudinal assessment of facial symmetry in adolescents the postero-anterior cephalometry is an important tool for diagnosis and treatment planning of facial asymmetry.
Since the introduction of three-dimensional imaging methods in orthodontics, our understanding of facial asymmetry, morphology, growth, development , and treatment outcome has signi cantly improved. Various methods for facial asymmetry analysis on threedimensional data have been developed and veri ed, but none of them has been universally accepted. Scalar measurements of user-de ned surface features (contour and area) rely on interactive identi cation of anatomic boundaries ( O'Grady and Antonyshyn, 1999 ) . Landmarkdependent methods (asymmetry in the location of anatomic landmarks and Euclidean distance matrix analysis) are useful in describing asymmetry in anatomic regions where multiple landmarks are present ( O'Grady and Antonyshyn, 1999 ; Hajeer et al. , 2004 ) . Landmark-independent methods (colour-coded facial maps and calculation of facial volumes) are becoming increasingly common in analysis of facial morphology, especially in cranio maxillofacial surgery ( Yip et al. , 2004 ; Hajeer et al. , 2005 ; Kau et al. , 2006 ; Jayaratne et al. , 2010 ) . These novel techniques might provide insight into amount and localization of facial 2 of 9 asymmetry and a solid basis for diagnostic and therapeutic purposes.
The soft tissue paradigm in treatment planning has initiated development of stereophotogrammetry ( Stauber et al. , 2008 ; Plooij et al. , 2009 ; Heike et al. , 2010 ; MeyerMarcotty et al. , 2010 ; Tolleson et al. , 2010 ) and laser surface scanning ( Da Silveira et al. , 2003 ; Hennessy et al. , 2006 ; Kau et al. , 2007 ; Schwenzer-Zimmerer et al. , 2008 ; Yu et al. , 2009 ) . Laser surface scanning is a precise, accurate , and non-invasive method for capturing soft tissue facial morphology, which has proven to be reliable and feasible in adolescents ( Kusnoto and Evans, 2002 ; Kau et al. , 2004 Kau et al. , , 2005a Yang and Paton, 2005 ; Kau and Richmond, 2008 ) . These advantages have not been exploited as fully as possible. The aim of this prospective clinical study was to explore facial symmetry in healthy individuals and determine whether asymmetric changes occur during adolescent growth.
Subjects and methods

Sample
The sample size was calculated on the basis of number of subjects needed to show a 10 per cent difference between facial symmetry at baseline and 4.5 years later. Since there was no comparative literature, it was assumed that the common standard deviation is 15 per cent . The paired t -test ( two-sided, with an alpha signi cance level of 0.05 and a beta of 0.1) was used. This gave the study a 90 per cent power and showed that a sample of 26 subjects (13 males and 13 females) was needed. Since dropout was expected, 60 subjects (30 males and 30 females) were included in the study. Subjects were randomly selected from a comprehensive school in Oulu, Finland. The inclusion criteria were 10 -13 years of age, Caucasian origin, Finnish nationality , and good overall health. The exclusion criteria were history of previous craniofacial trauma, surgery, congenital anomalies , and clinically evident facial asymmetry. An ongoing orthodontic treatment was not a reason for exclusion. Committee of Oulu Health Authority approved the study. Written consent was obtained from children and their parents.
Scanning procedure
Full technical details of the scanning equipment, subject ' s position , and image capture have been described previously ( Kau et al. , 2004 ( Kau et al. , , 2005b Kau and Richmond, 2008 ) . In this article , only a brief description is provided. Scanning equipment included two high-resolution laser scanners (VI-900 ®; Konica Minolta, Tokyo, Japan), which were controlled with multi -scan software (Cebas Computer, GmBH, Eppelheim, Germany). The subjects were scanned sitting still on an adjustable chair, looking into a mirror placed between the scanners. Horizontal and vertical lines on the mirror simulated a cross. The subjects were asked to level their eyes to the horizontal line and align the midline of the face to the vertical line. Images were acquired with the subjects in their natural head position, which has proven to be clinically reliable ( Kau et al. , 2005a ) . The total scan time was approximately 8 seconds. If a subject moved during scanning, the procedure was repeated. For each subject, left and right laser scans were taken. The information was transferred into reverse engineering software Rapidform® (INUS Technology, Seoul, Korea) for further processing.
Image processing
Image processing was performed using a set of in-house developed subroutines, described previously in detail ( Zhurov et al. , 2005 ) . The procedure was divided into several steps: removal of unwanted extraneous data , smoothing the images while preserving shape and volume , registration using the iterative closest point algorithm (best- t ), checking the registration result to verify the scanning accuracy , and  lling holes in surface meshes and merging of two shells. As a  nal result of this procedure, which took approximately 2 minutes to complete, one composite face (facial shell) for each subject was made.
Landmark identi cation
Twenty-one soft tissue landmarks ( Farkas, 1994 ) were manually identi ed on each facial scan by one operator ( Table 1 , Figure 1 ). Their positions were assessed from different views, rotating the facial shell on the computer screen. Three co -ordinates ( X , Y , and Z ) determined the position of each landmark.
Three-dimensional assessment of facial symmetry
A mirror facial shell was generated for each subject and superimposed on the original shell (best- t registered). The symmetry plane of the resulting structure was adopted as the mid sagittal plane of the original facial shell ( Zhurov et al. , 2010 ; Figure 2 ). The original facial shell was divided into upper, middle , and lower thirds, as described previously ( Primo ž i č et al. , 2009 ). The upper third was de ned as the part of the face above the inner canthus plane, the middle ranged from the inner canthus plane to the plane through the outer commissures of the lips, and the lower was below this plane. The surface matching of the original facial shell and the mirror facial shell (amount of three-dimensional symmetry) was measured for the whole face, upper, middle , and lower thirds at the time of the initial scanning (T 1 ), 2.5 (T 2 ), and 4.5 (T 3 ) years thereafter. The tolerance level was set at 0.5 mm. The average and maximum distances between the original shell and the mirror shell were also measured. An absolute colour deviation map and a histogram were generated for each face to show shell-to-shell deviation ( Figure 3 ). In addition to the aforementioned three-dimensional symmetry data, three angular parameters were measured ( Figure 4 ). Since each landmark has three co -ordinates, the projections of spatial angles onto the frontal plane were Farkas, 1994 Facial soft tissue landmarks used in this study: g, glabella; n, nasion; prn, pronasale; sn, subnasale; ls, labiale superius; li, labiale inferius; pg, pogonion; ps, palpebrale superius; pi, palpebrale inferius; ex, exocanthion ; en, endocanthion; al, alare; cph, crista philtri; ch, cheilion .
considered. The vertex of the  rst angle (the exR -exL -pg angle) was in the landmark ' exocanthion left ' and the arms passed through the landmarks ' exocanthion right ' and ' pogonion ' . The vertex of the second angle (the exL -exRpg angle) was in the landmark exocanthion right and the arms passed through the landmarks exocanthion left and pogonion. The third angle (the exRexL -chRchL angle) was measured as the acute angle between the projections of two straight lines, the right-to-left exocanthion line and right-toleft cheilion line. Linear parameters of horizontal facial symmetry for seven median landmarks were measured as the deviation from the mid sagittal plane to the right (positive values) or to the left (negative values). For the 14 bilateral landmarks, the mid point between two corresponding landmarks was  rst determined and then its deviation from the mid sagittal plane was measured. Although both positive and negative values were recorded, showing the direction of asymmetry, only absolute values were considered for further analysis.
Error of the method
The scan quality was assessed during image processing for all subjects, as described previously ( Toma et al. , 2008 ) . The scans were considered good if there was at least a 70 per cent match between the left and right facial shells within 0.5 mm of tolerance and at least a 95 per cent match within 1.0 mm, over the area where the two shells overlap. Systematic error of landmark identi cation was reduced by the operator being blind as to whether the images were obtained at T 1 , T 2 , or T 3 . Each subject was given an indenti cation number and images were processed in a random order, ensuring that subjects ' T 1 , T 2 , and T 3 images were not landmarked consecutively. The dependent t -test 4 of 9 was performed to assess systematic error. Facial scans of 15 males and 15 females were randomly chosen from the initial sample and landmarked on two separate occasions 2 weeks apart. Intraoperator reliability (random error) was calculated using Dahlberg ' s formula ( Dahlberg, 1940 ) .
Statistical analysis
All statistical analyses were undertaken using the Statistical Package for Social Sciences, version 17.0 (SPSS Inc., Chicago, Illinois, USA). The mean, standard deviation , and range of subjects ' age were calculated for initial sample, subjects lost to follow-up , and  nal sample. The Student ' s t -test was used to determine homogeneity between subjects lost to follow-up and subjects in the  nal sample with regard to age. Fisher ' s exact test was performed to determine if there were non-random associations between occlusal status and the orthodontic treatment between subjects at baseline and in the  nal sample. P < 0.05 was considered signi cant. Descriptive statistics was used to assess the scan quality. Kolmogorov -Smirnov normality test showed that the data for facial symmetry was not normally distributed. Therefore, Friedman repeated measures analysis of variance on ranks test was performed in order to determine whether there were any differences in facial symmetry parameters over time. Gender differences at each time point were tested using the Mann -Whitney U -test. P values <0.05 were considered signi cant.
Results
Facial images of 60 subjects (30 males: mean, 11.7 ± 0.5 years; 30 females: mean, 11.2 ± 0.7 years) were obtained at the initial scanning session. After 4.5 years, 39 subjects completed the study (19 males: mean, 16.2 ± 0.5 years; 20 females: mean, 15.8 ± 0.7 years ; Table 2 ). There was no statistically signi cant difference in age between subjects lost to follow-up and subjects who completed the study ( P > 0.05). Fisher ' s exact test showed that these two groups of subjects were not signi cantly different in terms of occlusal status ( P = 0.11) and orthodontic treatment ( P = 1.00). The quality of facial scans was good for all subjects. The dependent t -test indicated no systematic errors during landmark identi cation ( P > 0.05). The intraoperator reliability is presented in Table 3 . Dahlberg ' s values for random errors ranged from 0.12 to 0.85 mm for X coordinates, from 0.19 to 1.27 mm for Y co -ordinates, and from 0.04 to 0.81 mm for Z co -ordinates. The random errors of X and Y co -ordinates of landmarks relevant for linear and angular parameters in this study were under 1 mm.
Descriptive statistics (median and percentiles) and the results of Friedman repeated measures analysis of variance on ranks tests for all parameters measured at T 1 , T 2 , and T 3 are presented in Table 4 for males and Table 5 for females. The surface matching of the original facial shell and the mirror facial shell (the amount of three-dimensional symmetry for the whole face) in males was, on average, 60.9 per cent (T 1 ), 60.5 per cent (T 2 ) , and 58.1 per cent (T 3 ), within 0.5 mm of tolerance. For females, the amount of symmetry was 67.6 per cent (T 1 ), 64.2 per cent (T 2 ) , and 62.6 per cent (T 3 ). The median distance between the original facial shell and the mirror facial shell in males was 0.5 mm (T 1 , T 2, and T 3 ), whereas in females , it was 0.4 mm (T 1 ) and 0.5 mm (T 2 and T 3 ). None of the three-dimensional facial symmetry parameters differed signi cantly over time or between genders ( P > 0.05 ; Table 6 ).
Three angular parameters were measured. The results indicated that the median of the exR -exL -pg angle was 64.7 degrees (T 1 ), 64.8 degrees (T 2 ), and 65.4 degrees (T 3 ) in males and 65.3 degrees (T 1 ) and 64.9 degrees (T 2 and T 3 ) in females. For the exL -exR -pg angle , the results were 65.8 degrees (T 1 ) and 66.0 degrees (T 2 and T 3 ) in males and 65.6 degrees (T 1 ), 66.7 degrees (T 2 ) , and 66.3 degrees (T 3 ) in females. The median of the exRexL -chRchL angle was 1.8 degrees (T 1, T 2 , and T 3 ) in males and 1.8 degrees (T 1 and T 3 ) and 2.0 degrees (T 2 ) in females. There were no statistically signi cant differences in angular parameters of symmetry over time or between genders ( P > 0.05). The median values of linear parameters were less than 1 mm for both genders at any time point. None of the linear parameters signi cantly differed over time ( P > 0.05). There was no statistically signi cant difference Table 4 Facial symmetry parameters in males ( n = 19) at the initial scanning (T 1 ), 2.5 (T 2 ) , and 4.5 (T 3 ) years thereafter. 3D, threedimensional; OS -MS, the distance between the original and the mirror facial shells; msp, midsagittal plane; mid, the middle of the distance between bilateral landmarks; P 25 , the 25th percentile; P 75 , the 75th percentile; T 1 -T 2 -T 3 , Friedman repeated measures analysis of variance test; df, degrees of freedom; χ 2 , chi-square value; n.s., not signi cant ( P > 0.05). Table 5 Facial symmetry parameters in females ( n = 20) at the initial scanning (T 1 ), 2.5 (T 2 ) , and 4.5 (T 3 ) years thereafter. 3D, threedimensional; OS -MS, the distance between the original and the mirror facial shells; msp, midsagittal plane; mid, the middle of the distance between bilateral landmarks; P 25 , the 25th percentile; P 75 , the 75th percentile; T 1 -T 2 -T 3 , Friedman repeated measures analysis of variance test; df, degrees of freedom; χ 2 , chi-square value; n.s., not signi cant ( P > 0.05). in the amount of horizontal asymmetry of the landmarks between genders ( P > 0.05).
Discussion
Orthodontists have always been interested in facial asymmetry. For a long time, hard tissue asymmetry was in the focus of research. In contemporary orthodontics, there has been an increasing interest in soft tissue appearance, supported by application of three-dimensional imaging methods. Fast, reliable, accurate , and non-invasive methods, such as laser surface scanning, enable us to investigate facial symmetry in three dimensions. Reports on facial soft tissue symmetry during normal growth are rare. To our knowledge, this is the  rst study to assess soft tissue symmetry of healthy individuals during adolescent growth using laser surface scanning. The results showed that angular and linear parameters of facial symmetry did not change signi cantly during the observed period. These results are in agreement with those reported by Farkas and Cheung (1981) who evaluated the degree of facial asymmetry in 308 Caucasian children in three age groups (6 -, 12 -, and 18-year-olds), comparing six paired projective measurements on both sides of the face. In their study , gender and age did not signi cantly in uence the prevalence and extent of the asymmetries. The average difference between the right and left measurements was 3 mm (in absolute values) or 3 per cent (in relative values) in both genders. Skvarilova (1993) reported that the extent of facial asymmetry was the same in both genders and did not change with age. She examined a group of 720 normal children (6 -18 years old) measuring 12 direct anthropometric dimensions. The range of normal asymmetry for lateral facial dimensions was 4 -5 mm, with slight predominance of the right side. In our study , the amount of normal horizontal asymmetry was less than previously reported. The differences occur due to different methods of analysis. The construction of reference plane in our study was landmark-independent. The direction of asymmetry was not analysed statistically due to small sample size.
Three-dimensional analysis of symmetry complemented traditional linear and angular parameters. The deviation of the original facial shell from the mirror facial shell was tolerated up to 0.5 mm. This threshold level was chosen arbitrary. The same value was chosen in the study of Primo ž i č et al. (2009) who investigated facial asymmetry Table 6 Comparison of facial symmetry parameters between males and females at the initial scanning (T 1 ), 2.5 (T 2 ), and 4.5 (T 3 ) years thereafter. 3D, three-dimensional; OS -MS, the distance between the original and the mirror facial shells; msp, midsagittal plane; mid, the middle of the distance between bilateral landmarks; Mann -Whitney U -test; n.s., not signi cant ( P > 0.05). 
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changes in pre-school children with a unilateral crossbite, before and after orthodontic treatment, using laser surface scanning. Higher tolerance level might have been set as well and facial symmetry analysed for different values. However, it was not the aim of this study to establish normative data for population (in that case , the threshold should be higher, up to 1mm and a sample much larger) but to investigate facial symmetry over time. The average surface matching of the original and mirror facial shells ranged from 58.1 to 60.9 per cent in males and 62.6 to 67.6 per cent in females. In theory, if a face was perfectly symmetric the matching of the original and mirror facial shells would be 100 per cent . The severity of this  nding would be easier to explain if there were gender -and agespeci c norms for facial symmetry within a given population. It is hoped that this study will initiate such investigations. None of the measured three-dimensional parameters changed signi cantly during the observed period. In a longitudinal study performed by Burke and Healy (1993) , asymmetry of the soft tissues of the face was measured on six pairs of monozygotic twins in the age range 8 -19 years using stereophotogrammetry. Annual recordings over an average period of 9 years showed that asymmetry was very small, amounting at most a few millimetres and not much larger than the measuring error of the method. Asymmetry was statistically signi cant in 12 of 60 indicators but could not be related to twin zygosity, adolescence , or age. Ferrario et al. (2001) assessed the effects of gender and age on soft tissue facial asymmetry on 314 healthy subjects, adolescents (12 -15 years), young adults (18 -30 years) , and adults (31 -56 years). They collected three-dimensional co -ordinates of 16 standardized soft tissue landmarks using stereophotogrammetry and could not  nd any gender -or age-related difference for absolute and percentage values measured.
Facial soft tissues change with growth, orthodontic treatment, weight gain or loss, ag e ing , and facial expression. One of the strengths of this study is that a face is only compared to its mirror image, avoiding the problem of comparing faces of different sizes due to growth. Using this approach, it is possible to construct a mid sagittal plane, which is a very true representation of the facial mid-plane even in the presence of mild facial asymmetry. Colour map, obtained by superimposition (best- t registration) of the original and the mirror facial shells, provide detailed qualitative assessment of asymmetry using all available facial points. A precise analysis of location and extent of asymmetry is important for orthodontic diagnosis and treatment planning, as well as good communication with the patient.
The study has several limitations. The sample size was rather modest, but it is hoped that this study will provide the basis for future studies on larger randomized samples. The results indicate that facial growth of healthy individuals during adolescence is symmetric. There is no consensus in the published literature on the amount of three-dimensional symmetry , which would be considered clinically acceptable. The future studies would have to address this question. The clinical relevance of change in the amount of symmetry for the whole face and in a particular area might not be the same. Therefore, colour facial maps would have to be analysed statistically. In addition, subjects with different dental and skeletal classes and skeletal age would have to be assessed separately. The sample of this study comprised of orthodontic patients and non-patients, and the orthodontic treatment need was not determined for the latter. The possible in uence of type and duration of orthodontic treatment on facial symmetry would have to be taken into account in the future studies.
Conclusion
Facial growth of healthy individuals during adolescence is symmetric, although further investigation on larger randomized sample is suggested . 
